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ABSTRACT
Ultra-hot Jupiters with equilibrium temperature greater than 2000K are uniquely interesting targets
as they provide us crucial insights into how atmospheres behave under extreme conditions. This class
of giant planets receives intense radiation from their host star and usually has strongly irradiated and
highly inflated atmospheres. At such high temperature, cloud formation is expected to be suppressed
and thermal dissociation of water vapor could occur. We observed the ultra-hot Jupiter WASP-76b with
7 transits and 5 eclipses using the Hubble Space Telescope (HST) and Spitzer for a comprehensive
study of its atmospheric chemical and physical processes. We detect TiO and H2O absorption in
the optical and near-infrared transit spectrum. Additional absorption by a number of neutral and
ionized heavy metals like Fe, Ni, Ti, and SiO help explain the short wavelength transit spectrum.
The secondary eclipse spectrum shows muted water feature but a strong CO emission feature in
Spitzer’s 4.5µm band indicating an inverted temperature pressure profile. We analyzed both the
transit and emission spectrum with a combination of self-consistent PHOENIX models and retrieval
models (ATMO & PLATON). Both spectra are well fitted by the self-consistent PHOENIX forward
atmosphere model in chemical and radiative equilibrium at solar metallicity, adding to the growing
evidence that both TiO/VO and NUV heavy metals opacity are prominent NUV-optical opacity sources
in the stratospheres of ultra-hot Jupiters.
Keywords: planets and satellites: atmospheres - techniques: spectroscopic
1. INTRODUCTION
Transiting exoplanets can offer us detailed insights
into their atmospheres during the transit and eclipse
phases. When transiting in front of the parent star, the
limb of planetary atmosphere filters out a portion of
the starlight. The amplitude of that effect varies with
wavelength, depending on the composition of the atmo-
sphere. The spectral features of the upper exoplanetary
atmosphere (∼1mbar) are thereby imprinted onto the
stellar light. During the secondary eclipse, the planet
passes behind the host star, and deep (10-100 mbar)
thermal emission of the atmosphere can be measured
via the total flux difference before and after the eclipse
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2(Charbonneau et al. 2005; Deming et al. 2005). Both
techniques have been used extensively in recent years
to characterize exoplanetary atmospheric properties like
chemical composition (Kreidberg et al. 2015), thermal
structure (Stevenson et al. 2017), aerosols (Sing et al.
2016) and hydrodynamical escape (Spake et al. 2018;
Sing et al. 2019).
Most detectable exoplanetary spectral features pro-
duce only a few hundred ppm of signal over broad wave-
length ranges (Deming et al. 2013; Fraine et al. 2014;
Stevenson et al. 2014; Wakeford et al. 2017). High
precision photometry is required to capture these small
variations in the depth of transit and eclipse light curves.
Indeed, since the first detection of sodium absorption in
HD 209458b made by (Charbonneau et al. 2002) using
the Hubble Space Telescope (HST), many atmospheric
studies have used space telescopes, notably HST and
Spitzer. Some recent ground based observations (Ehren-
reich et al. 2015; Allart et al. 2018; Nikolov et al. 2018;
Kirk et al. 2020) have also successfully detected var-
ious atmospheric features such as water, sodium and
helium. Chemical species that absorb in the very high
atmosphere (∼ 10 scale heights) can cause a few thou-
sand ppm excess transit depth within the narrow range
of the absorption line profile core, which is often de-
tectable from the ground despite additional noise from
telluric contamination and changing weather conditions.
Hot Jupiters are especially targets of interest for atmo-
spheric characterization due to their inflated and highly
irradiated atmospheres which produce strong detectable
spectral features (Fortney et al. 2008; Mandell et al.
2013). Over a dozen hot Jupiters (Stevenson 2016;
Tsiaras et al. 2018) have been studied in detail over
the past decade and the results are highly intriguing
yet complex (Fu et al. 2017; Sing et al. 2016). While
some planets exhibit prominent water absorption fea-
tures (Deming et al. 2013; Wakeford et al. 2013), others
show significant aerosols presence in the upper atmo-
sphere (Pont et al. 2013). Inverted temperature pres-
sure profiles have also been observed (Haynes et al. 2015;
Evans et al. 2017) caused by optical absorbers such as
TiO/VO (Fortney et al. 2008; Hubeny et al. 2017). In
the ultra-hot (>2000K) Jupiters, even water can be dis-
associated and H- becomes an important opacity source
(Arcangeli et al. 2018; Lothringer et al. 2018; Parmen-
tier et al. 2018; Kitzmann et al. 2018).
WASP-76b is a unique target with an equilibrium tem-
perature of 2200K and a puffy atmosphere. Recent work
has shown the existence of atomic sodium absorption
(Seidel et al. 2019; von Essen et al. 2020) and evidence
for atomic iron condensing on the day-to-night termina-
tor (Ehrenreich et al. 2020). Here we present new ob-
servations and modeling results that show heavy metals,
H2O and TiO absorption in the transmission spectrum.
The eclipse emission spectrum shows CO emission fea-
ture in the Spitzer’s 4.5µm band with an inverted tem-
perature pressure profile.
2. OBSERVATIONS AND DATA ANALYSIS
We observed a total of 7 transits and 5 eclipses of
WASP-76b with HST and Spitzer in multiple filters (Ta-
ble 1) ranging from 0.29 to 4.5µm. HST STIS/WFC3
and Spitzer IRAC all have unique detector systematics
that require specialized data analysis pipelines (Dem-
ing et al. 2013; Nikolov et al. 2013; Deming et al. 2015;
Wakeford et al. 2016). Fortunately, as the main instru-
ments used to characterize exoplanetary atmospheres
in the past decade, robust custom data analysis meth-
ods have been developed to extract near photon-limited
noise spectra (Zhou et al. 2017).
2.1. Companion Star & EXOFASTv2 Fit
WASP-76A has a companion star. WASP-76B was
first discovered by (Wollert & Brandner 2018) through
lucky imaging with a separation of 0.425” ± 0.012” and
position angle of 216.9◦ ± 2.93◦. Due to the small sepa-
ration, light from WASP-76B is well mixed with WASP-
76A in our HST spatial scan spectrum which causes a
dilution effect on the extracted planet spectrum (Cross-
field et al. 2012). To correct for this dilution effect, the
companion stellar spectral type needs to be determined,
and the extra flux contribution removed. The temper-
ature of WASP-76A is 6250 ± 100K (West et al. 2016)
and the updated distance from GAIA (Gaia Collabora-
tion 2018b) is 195.31 ± 6.03 parsecs. There are a total
of three spatially resolved images of the WASP-76 sys-
tem in the archive, taken with different filters (Table 1)
using the Space Telescope Imaging Spectrograph (P.I.s:
David Sing & Mercedes Lo´pez-Morales), and Keck-AO
with NIRC2 (P.I.: Brad Hansen), all shown in Figure 1.
To determinate the spectral type of WASP-76B, we per-
formed a two-component SED fit (Rodriguez et al. 2019)
for WASP-76 and we determine the radius and temper-
ature of WASP-76B to be R? = 0.795 ± 0.055R and
Teff = 4850 ± 150K which we then used as the prior
in a EXOFASTv2 global analysis (Table 5). For the
EXOFASTv2 fit, we included six new light curves (Fig.
17) from EulerCAM (Ehrenreich et al. 2020), Hazelwood
and MVRC observations in addition to the transit and
RV data used in the discovery paper (West et al. 2016)
to refine and update the system ephemeris.
With the best-fit radius and effective temperature
for both WASP76A and WASP76B, we can then use
PHEONIX stellar models to calculate the flux contribu-
tion from both stars and the dilution effect of transit
3WASP-76b transit observations
Filter Visit 1 Visit 2 GO Program ID PI
HST STIS G430L 2016-11-16 2017-01-17 14767 Lo´pez-Morales & Sing
HST STIS G750L 2017-02-19 14767 Lo´pez-Morales & Sing
HST WFC3 G141 2015-11-26 14260 Deming
Spitzer IRAC 3.6 2017-05-04 2018-04-22 13038 Stevenson
Spitzer IRAC 4.5 2017-04-16 13038 Stevenson
WASP-76b eclipse observations
Filter Visit 1 Visit 2 GO Program ID PI
HST WFC3 G141 2016-11-03 14767 Lo´pez-Morales & Sing
Spitzer IRAC 3.6 2016-03-22 12085 Deming
Spitzer IRAC 3.6 2017-05-04 2018-04-22 13038 Stevenson
Spitzer IRAC 4.5 2016-04-01 12085 Deming
Table 1. A list of our 7 transit and 5 eclipse observations of WASP-76b.
and eclipse depth can be corrected as follows:
Corrected depth = Measured depth ∗ (1 + FB
FA
)
where FB and FA are the flux contribution from the
companion and the primary star at a given wavelength
range. Since the companion star is spatially resolved
at different levels with being mostly resolved in STIS
spectra while completely blended in at Spitzer bands,
we purposefully choose larger aperture sizes at all wave-
length when extracting stellar spectra to ensure all com-
panion flux contributions are included. Finally, the di-
lution is applied across the entire transit and eclipse
spectra for consistent correction.
To propagate the uncertainties on the effective tem-
perature of both stars into dilution factors and the final
planet spectrum, we adopted the bootstrapping method
used in (Stevenson et al. 2014) by generating 10000
PHOENIX stellar models for each star with Teff ran-
domly sampled from a Gaussian distribution based on
the Teff uncertainty. By calculating the corresponding
dilution factors for each PHOENIX model pair, we ob-
tain a 10000 sample size distribution of dilution factors
at each wavelength bin. The final dilution factors are the
median values of each distribution and the uncertain-
ties will be the corresponding one sigma values which
are then propagated into the reduced planet transit and
eclipse spectra.
2.2. HST STIS G430L & G750L
We observed WASP-76b in transit with 2 visits using
HST/STIS G430L and 1 visit using the G750L grat-
ing (Table 1). The combination of these two gratings
provided a complete wavelength coverage from 2900 to
10300 A˚. One prominent source of systematics in STIS
light curves comes from the orbital motion of the tele-
scope during the observations (Nikolov et al. 2014). As
the telescope orbits between the day side and night side
of the Earth, it experiences thermal expansion and con-
traction. This effect manifests as a varying observed flux
as a function of telescope orbital phase.
Our data analysis process follows the standard
methodology detailed in Sing et al. (2011) and Nikolov
et al. (2015). We fit the STIS transit light curves using a
combination of transit and instrument systematics mod-
els. The transit model is based on the analytic formula
developed by Mandel & Agol (2002), and the systemat-
ics model is a fourth-order polynomial of the telescope
orbital phase. The raw, corrected light curves and corre-
sponding residuals for all three visits are shown in Figure
6, 7 and 8.
2.3. HST WFC3 G141
We observed both transits and eclipses using
HST/WFC3 G141 in spatial scan mode to maximize
photon-collecting efficiency (Deming et al. 2013). All
frames used SPARS10 and NSAMP=16, with an expo-
sure time of ∼104 seconds, and a forward and backward
scan to maximize observing efficiency. Due to occulta-
tion of the telescope by the Earth, a ∼45 min gap exists
between every HST orbit. There are a total of 5 orbits
per visit and ∼19 spectra in each orbit. Two orbits are
pre-transit, two are in-transit, and one is post-transit.
The automatic CalWF3 pipeline does not include spa-
tial scan mode, therefore additional processing is re-
quired before extracting the 1D spectra. We followed
the standard procedures of background subtraction and
energetic particle removal by flagging outliers relative
to the median value along the vertical scan direction
(Wakeford et al. 2013). Then the 1D spectra are ob-
4Figure 1. Resolved images of spectrum of the WASP-76 binary system, obtained with HST STIS F28X50LP (Top Left), G750L
(Top Right), Keck-AO NIRC2 Brackett-gamma (Bottom Left) and J-Cont (Bottom Right).
STIS F28X50LP i band z band J-Cont Br gamma
Wavelength range (µm) 0.54 - 1 0.662 - 0.836 0.777 - 1.097 1.203 - 1.223 2.024 - 2.292
∆ mag 2.57 2.51 2.85 2.49 2.28
∆ mag error 0.02 0.25 0.33 0.01 0.01
Table 2. Measured flux ratio between WASP-76A and WASP-76B in 5 different bands from HST STIS, Wollert & Brandner
(2018) and KECK-AO NIRC2.
Figure 2. Two-component SED fit for WASP-76A (black)
and WASP-76B (red) with the blue points as integrated
fluxes and cyan points as spatially resolved flux measure-
ments.
tained by summing the spatial scan strip vertically in
each exposure. The hydrogen Paschen-beta line at
1.28µm in the star is used to establish the zero-point
of the wavelength calibration.
HST/WFC3 time series spectra often exhibit a ramp-
like systematic shape when observing bright stars in
high-cadence (Wilkins et al. 2014). This effect is at-
tributed to charge trapping in the WFC3 HgCdTe in-
frared detector (Kreidberg et al. 2014b; Zhou et al.
2017). As initial photons arrive at the beginning of each
orbit, some charge carriers can be trapped by impurities
in the detector and cause lower readout signals. When
all available traps are filled during the orbit, the mea-
sured signals asymptotically approach a constant level
(Fig 4). The double-ramp shape per orbit is due to
differences in exposure timing and telescope pointing
between forward and backward scan. The timings for
when each pixel receives light are different in forward
and backward scan, and that can affect the ramp shape.
Moreover, the illumination pattern on the pixel grid is
slightly different from forward to backward scan. Since
each pixel has a different number of charge traps, a con-
stant offset in measured flux can occur when different
5portions of the detector are illuminated by forward and
backward scan.
2.3.1. Satellite contamination
During the analysis of the transit data, we discov-
ered two frames (Fig 3) that were contaminated by de-
focused Earth-satellite crossing events. The first satel-
lite crosses the frame diagonally (see Fig 3(a)) leaving
a broad bright strip which contaminates the spectrum
in a wavelength-dependent fashion. The extra photons
from the satellite significantly distort the ramp shape of
the third orbit’s white light transit curve (see Fig 4),
because they rapidly populate large number of charge
traps. This causes the decay-down as opposed to the
ramp-up shape as extra persisting signals were measured
in all subsequent frames of the orbit. The diagonal cross-
ing of the satellite results in more contamination on the
shorter wavelength end of the spectrum than the longer
wavelength end. Consequently, the white light transit
curve cannot be used as a template to correct for all
wavelength channels. We decide to discard all remaining
frames in the third orbit after the first satellite crossing.
The second satellite crossing is much fainter and had
negligible effect on the subsequent spectra in the fourth
orbit, so we only discard the frame with the second satel-
lite itself.
2.3.2. Ramp correction using RECTE
After removing satellite-contaminated exposures, we
use the Ramp Effect Charge Trapping Eliminator
(RECTE) algorithm developed by Zhou et al. (2017) to
mitigate the ramp effect. RECTE is a physically moti-
vated model based on detector charge trapping prop-
erties. For more detailed description of RECTE see
(Zhou et al. 2017) and the online documentation1. One
major advantage of RECTE compared to other ramp-
effect correcting methods based on template and fitting
of empirical functions is the capability to correct for the
first orbit of the observations. The first orbit has often
been discarded in past analyses due to its extreme ramp
shape comparing to the subsequent four orbits (Dem-
ing et al. 2013; Kreidberg et al. 2015). Recovering that
additional out-of-transit orbit allows us to better deter-
mine the baseline flux and obtain more precise transit
depth values.
We used the BATMAN light curve model (Kreidberg
2015) in combination with RECTE to measure the tran-
sit depth at each spectral bin. There are five free param-
eters from RECTE: intrinsic flux (f), slow (Es,tot), and
fast (Ef,tot) charge traps populations, slow (ηs) and fast
1 https://recte.readthedocs.io
(a) Frame ID: icy002wpq
(b) Frame ID: icy002xfq
Figure 3. Satellite crossing contamination frames
(ηf ) charge trapping efficiency. Together they model the
varying exponential ramp effect from the charge trap-
ping process in the HST/WFC3 detectors. The slight
vertical shift from forward and backward scans cause an
observed flux difference between adjacent (Fig 4) expo-
sures which is corrected through fitting a constant off-
set value. There is also a linear visit-long slope which
is fit with two slope coefficients for forward and back-
6Figure 4. The effect of satellite crossing contamination on
the white light transit curve. The two satellite contaminated
data points have very high flux and were set to fixed values
to show the timing of the events. Satellite crossing (a) was
significantly more severe than satellite crossing (b) and dis-
torted the ramp shape for the third orbit. We decided to
discard the frames after satellite crossing (a), see text. The
upper and lower sets of points are due to spectra vertical
shifts during the forward versus backward scan.
ward scans. Given our re-fit of the orbital parameters
that determine the shape of the transit, the BATMAN
fit has two free parameters, the transit center time and
transit depth. Therefore, a total of 10 free parameters
were used in the MCMC to fit for the white light tran-
sit. The transit center time from the white light fit is
adopted when subsequently fitting transit curves at each
wavelength.
2.4. Spitzer IRAC
We observed transits and eclipses of WASP-76b with
Spitzer at 3.6 and 4.5µm (Table 1). Unlike HST, Spitzer
is able to continuously observe targets for the entire
transit and eclipse duration. One eclipse at each of 3.6
and 4.5µm are reported by Garhart et al. (2020), and we
do not re-analyze those data here. We here analyze the
transit data, and two additional eclipses at 3.6µm from
program 13038. Our analysis of two additional eclipses
at 3.6µm followed the exact same procedures used by
Garhart et al. (2020), in fact the same codes (imple-
mented by D.D.). The new eclipse depths are included
in Table 3.
Spitzer’s primary systematic effect comes from intra-
pixel sensitivity variations coupled to pointing jitter,
overlaid by temporal ramps. We correct for this combi-
nation of systematic effects using the pixel-level decor-
relation (PLD) technique developed by Deming et al.
(2015), with the implementation of the fit being the
same as described by Garhart et al. (2020). PLD takes
advantage of the total flux conservation within the aper-
Figure 5. Spitzer transit light curves in 3.6 and 4.5 µm
after systematic correction.
ture containing the star, and utilizes the relative flux
contribution of individual pixels as basis vectors in the
fit. This technique eliminates the need for finding the
centroid position of the star while being capable of effec-
tively removing red noise and flat-fielding inaccuracies.
Our solutions for the Spitzer transit depths incor-
porate quadratic limb darkening coefficients calculated
for the Spitzer bands by Claret et al. (2013). These
produce excellent agreement with the observed transit
curves. Given that limb darkening is a minimal effect at
Spitzer’s wavelengths, we adopt the Claret coefficients
without further perturbation. Our initial procedure
was to also freeze the orbital parameters at previously-
determined values, since our experience with other data
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Figure 6. HST STIS G430L visit one light curves for each spectral channel. Left panel: raw light curves with evident systematics
as a function of telescope orbital phase. Middle panel: systematics-corrected light curves overplotted by the best-fitting transit
models. Right panel: corresponding residual for each spectral channel with the dotted lines showing the 1σ standard deviation.
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Figure 7. Same as Fig 6 but for HST STIS G430L visit 2.
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Figure 8. Same as Fig 6 but for HST STIS G750L.
10
Figure 9. HST WFC3 G141 spectral bin transit lightcurves after ramp-effect correction using RECTE (left) and corresponding
residuals (right).
11
Figure 10. HST WFC3 G141 spectral bin eclipse light curves after ramp-effect correction using RECTE (left) and corresponding
residuals (right).
shows that this simple method usually produces excel-
lent agreement with the shape of Spitzer’s observed tran-
sit curves. However, atmospheric characterization can
be sensitive to alternate treatments of the orbital pa-
rameters (Alexoudi et al. 2018). Given also that we find
some differences between the transit depths observed at
3.6- versus 4.5µm, and between two transits at 3.6µm,
we explored other treatments of the orbital parameters.
We used independent Gaussian priors for the two pa-
rameters that most affect the transit shape (orbital in-
clination and a/Rs), based on the discovery results from
West et al. (2016). Those fits produced transit depths
that differed minimally from fits that froze the orbital
parameters at the West et al. (2016) values. Those dif-
ferences (orbital priors minus orbital freeze), were 157
and 34 ppm in R2p/R
2
s for the two transits at 3.6µm, and
-93 ppm at 4.5µm. Our best-fit values of inclination and
a/Rs differed from West et al. (2016) by less than 1σ.
We also explored freezing the orbital parameters at the
values derived in this paper, noting that our values for
inclination and a/Rs are within 1σ of West et al. (2016).
Those transit depths differed from our initial values by
84 and 3 ppm at 3.6µm, and 128 ppm at 4.5µm.
In the various solutions for Spitzer transit depths
described above, differences persist between 3.6 and
4.5µm, and between the two transits observed at 3.6µm.
Those differences are minimized by our default solutions,
i.e. freezing the orbital parameters at the values given
by West et al. (2016) and solving for R2p/R
2
s. Given that
the orbital parameters we derive in this paper are closely
consistent with West et al. (2016), we adopt our default
solutions for transit depths. Those values are listed in
Table 3, and the best-fit transit times are included. Fig-
ure 5 illustrates the fits, after removal of the systematic
effects, and binning the data for visual clarity.
3. PHOTOMETRIC OBSERVATIONS OF WASP-76
We have acquired a total of 208 nightly observations
of WASP-76 during five recent observing seasons, not
including several transit observations each year, with
12
Table 3. Transit and eclipse times and depths for WASP-76b in the Spitzer bands. These are ”as observed” transit/eclipse
depths, not corrected for dilution by the companion star.
Wavelength Event BJD(TDB) Depth (ppm)
3.6µm Transit 2457877.915709±0.000163 10496±66
3.6µm Transit 2458230.840367±0.000145 10315±49
4.5µm Transit 2457859.815112±0.000181 11399±82
3.6µm Eclipse 2457877.01558±0.00067 2883±96
3.6µm Eclipse 2458229.93999±0.00056 3086±88
the Tennessee State University (TSU) Celestron 14-inch
(C14) automated imaging telescope (AIT) at Fairborn
Observatory (see, e.g., Henry 1999; Eaton, Henry, &
Fekel 2003). The AIT uses an STL-1001E CCD cam-
era from Santa Barbara Instrument Group (SBIG); all
exposures were made through a Cousins R filter. Each
nightly observation consisted of 3–10 consecutive expo-
sures on WASP-76 and several comparison stars in the
same field of view. The individual nightly frames were
co-added and reduced to differential magnitudes in the
sense WASP-76 minus the mean brightness of seven con-
stant comparison stars. Further details of our observing,
reduction, and analysis techniques can be found in Sing
et al. (2015).
The photometric observations are summarized in Ta-
ble 4. Column 4 lists the yearly standard deviations of
the observations from their seasonal means; these values
are consistent with the precision of a single observation,
as determined from the comparison stars. Our SBIG
STL-1001E CCD camera suffered a gradual degradation
during the 2017-18 observing season, resulting in the
loss of data from that season. The camera was replaced
with another SBIG STL-1001E CCD to minimize instru-
mental shifts in the data. Nonetheless, there appears to
be a shift in the seasonal-mean differential magnitudes,
given in column 5, of several milli-magnitudes between
the third and fourth observing seasons. Otherwise, the
night-to-night and year-to-year variability in columns 4
& 5 show that WASP-76 is constant on both time scales
to the limit of our precision.
The complete WASP-76 data set is plotted in the top
panel of Figure 11, where the data have been normal-
ized so that each seasonal-mean differential magnitude
is the same as the first observing season. This removes
any year-to-year variability in the comparison stars as
well as long-term variability in WASP-76, if any. The
bottom panel shows the frequency spectrum of our com-
plete data set (note the absence of the 2017-18 observing
season) and gives no evidence for any coherent period-
icity between 1 and 100 days, as expected from the lack
of variability shown in Table 4.
Our data were observed during a three years period.
If the star is variable on a similar or short timescale, we
Figure 11. Top: AIT photometry of WASP-76 between
2014 and 2020 but lacking the 2017-18 observing season.
The observations have been normalized so that all observ-
ing seasons have the same mean as the first season. Bottom:
Frequency spectrum of the normalized observations show-
ing the lack of any significant periodicity between 1 and 100
days.
will suffer constant offsets in transit and eclipse depth
between data taken at different times. The long term
photometric monitoring of WASP-76 with no detection
of any periodicity allows us to confirm features in the
planet spectra are not caused by short term stellar vari-
ability.
4. ANALYSIS & INTERPRETATION
After obtaining both the transit and eclipse spectra
of WASP-76b, the next step is to physically interpret
the spectra. Given different sets of parameters such as
radius, metallicity, C/O ratio, temperature and aerosol
properties, a model transit or eclipse spectrum can be
generated via forward radiative transfer models based
on transit and eclipse light path geometry. Running
atmospheric models numerous times while varying the
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Table 4. SUMMARY OF AIT PHOTOMETRIC OBSERVATIONS
OF WASP-76
Observing Date Range Sigma Seasonal Mean
Season Nobs (HJD − 2,400,000) (mag) (mag)
(1) (2) (3) (4) (5)
2014-15 44 56965–57089 0.0040 −2.7280
2015-16 51 57293–57451 0.0030 −2.7301
2016-17 28 57708–57810 0.0024 −2.7267
2018-19 42 58384–58522 0.0045 −2.7346
2019-20 43 58756–58906 0.0045 −2.7355
input parameters based on the goodness of fit of each
combination and obtaining the posterior distribution of
all parameters in the statistical framework is called a
retrieval analysis (Irwin et al. 2017; Madhusudhan et al.
2014; Line et al. 2014; Zhang et al. 2018). It allows us
to obtain the best-fit physical parameters and their cor-
responding uncertainties. However, retrieval could be
computational expensive depending on the complexity
of individual forward model. Approximations such as a
parametrized temperature-pressure (TP) profile, cloud
scattering property or low-resolution opacity library are
usually adopted to speed up the forward model and the
retrieval. We performed retrieval analysis on WASP-76b
using PLATON (Zhang et al. 2018) and ATMO (Sing et
al. 2015) which are two MCMC algorithms based on for-
ward radiative transfer models. In addition, we also ran
a self-consistent PHOENIX (Lothringer et al. 2018)
model grid which uses radiative and chemical equilib-
rium. We used these three different models is to cross
validate and confirm the physical interpretation of the
spectra.
4.1. Strong metal absorbers in STIS G430L spectrum
The WASP-76b spectrum shows a steep slope in the
G430L spectrum. To understand the origin of unex-
pected excess transit depth, we first performed PLA-
TON isothermal equilibrium-chemistry retrieval. The
best-fit PLATON model is plotted (red) in Fig. 12
which has a χ2ν of 2.28. In other hot Jupiters, the STIS
blue part of the spectrum has been used to probe the
Rayleigh scattering in the atmosphere as it usually ex-
hibits larger transit depths and slopes down into longer
wavelengths. However, 0.3 to 0.4 µm of WASP-76b spec-
trum shows a much steeper slope comparing to the rest
of the spectrum which means one continuous Rayleigh
scattering slope can not sufficiently explain the observed
spectrum. Indeed, to fit the data between 0.3 and 0.4
micron in the STIS G430L band, PLATON needs a scat-
tering slope parameter of∼9 (Fig. 19) which is not phys-
ical comparing to a Rayleigh scattering slope parameter
of 4.
The second retrieval framework we used is ATMO
(Amundsen et al. 2014; Drummond et al. 2016; Goyal
et al. 2017; Tremblin et al. 2015, 2016), which has been
widely used before for retrieval analyses of transmis-
sion (Wakeford et al. 2017) and emission (Evans et al.
2017) spectra. We performed a cloud-free free-element
equilibrium-chemistry retrieval with free abundance of
specific species (C, O, Na, Ti, V, Fe) and a fitted TP
profile (Fig 13). All other elements were varied with a
single metallicity parameter. With the additional neu-
tral iron opacity in the ATMO model compared to PLA-
TON, ATMO is able to better fit the STIS blue part of
the spectrum with a solar Fe abundance and the best-
fit model has a χ2ν of 1.94. However, the first observed
point extending from 0.29 to 0.37 µm is still ∼2σ higher
than the ATMO model.
The last modeling tool we applied is PHOENIX
(Lothringer et al. 2018) atmosphere forward model, It
self-consistently solves layer by layer radiative transfer
assuming chemical and radiative-convective equilibrium
based on the irradiation received at the top of the atmo-
sphere from the host star (Lothringer & Barman 2019).
PHOENIX is equipped with a comprehensive EUV-to-
FIR opacity database of atomic opacity due to their
importance in modeling stellar spectra, which makes
it particularly suitable on predicting ultra-hot Jupiter
atmospheres in the bluer wavelengths Lothringer et al.
(submitted). We generated a grid of PHOENIX models
with various metallicity, heat redistribution and inter-
nal temperature. The best-fit model (Fig. 12) is at so-
lar metallicity with a terminator temperature of 2000K
which has a χ2ν of 2.66. With the additional opacity
from metals and molecules (Fe I, Fe II, Ti I, Ni I, Ca I,
Ca II, and SiO) included in the PHOENIX model, it is
able to fully fit the short-wavelength slope. However, it
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Figure 12. Transmission spectrum of WASP-76b overplotted three different best-fit models. The green line is the PHOENIX
atmosphere model with equilibrium chemistry, solar metallicty and internal temperature of 200K. The blue and red lines are
the best-fit models from ATMO and PLATON retrieval respectively.
Figure 13. The TP profiles of PLATON (red), ATMO re-
trieval (blue) and PHOENIX (black) atmosphere model for
the transmission spectrum. The dashed blue lines represent
one and two sigma range for ATMO TP profiles. Condensa-
tion curve for CaTiO3 and Fe are overplotted to show most
of them stay gaseous across the atmosphere.
predicts larger absorption depth between the 0.4 to 0.5
µm region which is likely due to the assumption of solar
metallicity and elemental abundances. The lower than
expected abundances of NUV absorbers such as TiO, V
I and Fe I could be due to condensation and/or rain-out
on the day-to-night terminator detected by Ehrenreich
et al. (2020).
This similar feature of steep slope in the NUV has
also been observed in WASP-121b (Evans et al. 2017)
with Sodium Hypochlorite (SH) proposed as the missing
opacity source. With more recent observations (Sing et
al. 2019) with STIS E230M from 228 and 307 nm, mul-
tiple atomic lines including Mg II and Fe II have been
detected and resolved in WASP-121b. This indicates
neutral and ionized atomic metal lines are more likely
to be the cause of the strong NUV absorption signa-
tures in the STIS G430L spectrum. With both WASP-
76b and WASP-121b showing strong NUV absorption
features, neutral and ionized metals may exist in many
more ultra-hot Jupiter atmospheres (Lothringer et al.
2020 (submitted)).
4.2. Detection of TiO and H2O
We detected TiO and H2O in the transmission spec-
trum of WASP-76b. The 0.4 to 1 µm part of the
spectrum where TiO opacity dominates shows signifi-
cantly deeper transit depth (∼500 ppm) compared to the
WFC3/G141 spectrum. This feature is well explained
by all three models with TiO absorption features. Fig.
13 shows the retrieved TP profile of ATMO models
overplotted with the self-consistent converged TP pro-
file in radiative-convective equilibrium from PHOENIX
forward model. The two TP profiles are consistent be-
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Figure 14. The eclipse spectrum (left panel) of WASP-76b overplotted with two PHOENIX (green and orange) models and
one ATMO (blue) best-fit spectrum. The two PHOENIX models are both at solar metallicity with dayside heat redistribution,
but one with TiO/VO and the other without. The comparison is to show the presence of TiO/VO is strongly favored by the
data. The corresponding TP profiles are plotted in the right panel with matching colors to the three emission model spectra.
Figure 15. The TP profiles of ATMO retrieval (blue) and
PHOENIX (black) atmosphere model for the emission spec-
trum. The dashed blue lines represent one and two sigma
range for ATMO TP profiles.
tween 0.1 to 10 mbars pressure level showing a temper-
ature of 2000 to 2500K. At this temperature range, TiO
is expected to be in gaseous and abundant in the at-
mospheres as shown in the top-right panel of Fig. 16.
Water vapor absorption feature at 1.4 µm has also been
observed in the spectrum, which is expected as ther-
mal dissociation of water starts at temperatures >2500K
(Bottom-left Fig. 16).
4.3. Emission spectrum
WASP-76b shows blackbody-like WFC3/G141 emis-
sion spectrum with muted water features but strong CO
emission feature at Spitzer 4.5 µm band. The best-fit
PHOENIX model shows dayside heat-redistribution and
solar metallicity assuming equilibrium chemistry. We
also ran a comparison PHOENIX model with the same
setup but excluding TiO/VO to demonstrate the data
strongly favors the presence of gaseous TiO/VO, as the
χ2ν is larger by 4.32, which is consistent with our find-
ing in the transmission spectrum. In addition, we per-
formed ATMO free-element equilibrium chemistry re-
trieval similarly to the transmission spectrum, though
isotopic scattering was also included along with the ther-
mal emission. The resulting ATMO best-fit model is
highly consistent compared to the PHOENIX model
with both models showing similar emission spectra and
TP profiles (See Fig. 15). ATMO also favors solar
metallicity in the retrieval posterior distribution (Fig.
20) but with less certainty at the C/O ratio since the
muted water feature limits the constrains on the oxygen
abundance. Both models favor a dayside temperature
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range of 2500 to 2600K around 1 bar and an inverted
TP profile with temperature increasing to around 3000K
at 0.1 mbars. Water starts to dissociate at such high
temperature and low pressure region of the atmosphere
as shown in Figure 16, therefore we do not see promi-
nent water emission features. At deeper levels (∼1 bar)
of the atmosphere, water vapor should still survive, but
any absorption features will be obscured by the hotter
continuum emission in the upper atmosphere layers. On
the other hand, CO is able to survive in much higher al-
titude and temperature due to the strong triple bond
structure. Indeed, we see clear CO emission features in
the Spitzer 4.5 µm band.
4.4. Temperature inversion
We found clear temperature inversion (Fig. 13 & 15)
in both transmission and emission spectrum confirmed
by ATMO and PHOENIX models. The Spitzer 4.5 µm
CO emission feature strongly favors an inverted TP pro-
file with higher temperature CO gas presence in the up-
per atmospheres. The transmission spectrum also fa-
vors an inverted TP profile as the retrievals need the
higher temperature at the low pressures to boost the
scale heights and the size of spectral features to bet-
ter match the data. Theories have indicated inversion
is caused by a combination of optical absorbers such as
TiO (Hubeny et al. 2017; Fortney et al. 2008) and atomic
metal absorption heating the upper layers with the lack
of cooling from molecules like water (Lothringer et al.
2018; Gandhi & Madhusudhan 2019). Our observed
spectrum supports this paradigm with detection of TiO
and atomic metal opacity in the transmission and muted
water emission feature due to thermal dissociation at the
highest altitudes.
4.5. Model comparison
Overall, ATMO best-fit model has the lowest χ2ν
among the three models, with PLATON being unable
to physically fit the 0.3 to 0.4 µm region in transmission
due to a lack of atomic metal opacity. PHOENIX gener-
ates a remarkable good fit in both transit and eclipse es-
pecially as only two parameters were varied in our grid of
models. Retrieval frameworks find the best-fit spectrum
through minimizing the likelihood which allows it to fine
tune model parameters and better respond to smaller
features in the data. Despite using an incomplete NUV
opacity database, ATMO is able to produce better over-
all χ2ν best-fit spectrum than the PHOENIX forward
model. However, it is more important that ATMO and
PHOENIX show good agreement on the general phys-
ical parameters including temperature structure, C/O
ratio and chemical abundance. This gives us increased
confidence in our conclusion, as both the retrieval and
forward modeling methods agree.
5. SUMMARY AND CONCLUSIONS
We observed a combined total of 7 transits and 5
eclipses of the highly irradiated ultra-hot Jupiter WASP-
76b using HST WFC3/STIS and Spitzer. After correct-
ing for the dilution effect of a nearby companion star,
and refitting the orbital parameters, we performed re-
trieval analysis on the transmission and emission spectra
using PLATON, ATMO and a PHOENIX grid. The re-
sults from these independent modeling tools are in gen-
erally good agreement with the biggest difference being
the completeness of NUV opacity lines of each model.
We demonstrated the importance of including all atomic
and molecular metal lines in the NUV to fully explain
the excess transit depth observed between 0.3 and 0.4
µm in WASP-76b (Lothringer et al. 2020 (submitted)).
Water vapor and TiO have also been directly detected in
the transmission spectrum from STIS and WFC/G141
observations. Both transit and eclipse spectrum favor an
inverted TP profile which is confirmed by both ATMO
and PHOENIX models. The detection of TiO and ion-
ized metals at the same time with an inverted TP pro-
file are consistent with the theory of temperature inver-
sion in ultra-hot Jupiters being caused by high altitude
strong UV and optical absorbers heating up the upper
layers. The lack of water emission due to dissociation at
high temperature and altitude further drives the tem-
perature inversion from the absence of cooling.
This study of WASP-76b supports some of our current
understanding of ultra-hot Jupiter such as their thermal
structure while poses new questions about their heavy
metals composition that have previously been mostly
ignored. It is evident more NUV atmosphere observa-
tions of ultra-hot Jupiters are needed for a more com-
plete understanding of these unique planets. HST is
currently the only observatory capable of observing in
the NUV wavelength which will not be accessible with
JWST. WASP-76b along with other ultra-hot Jupiters
will be great targets for future detailed NUV studies
with HST.
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Figure 16. Partial pressure contours of four chemical species (Fe, TiO, H2O and H-) overplotted with PHOENIX model
TP profiles from transit (full heat redistribution, dashed lines) and eclipse (dayside heat redistribution, dotted lines) spectra.
Gaseous Fe is abundant and presence in both the terminator and dayside regions of the planet across all pressure levels. TiO
and water vapor exist in higher pressure regions but begin to dissociate in higher temperature and altitude layers. H- is limited
in the cooler terminator but starts to show up on the hotter dayside.
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APPENDIX
Table 5. Median values and 68% confidence interval for wasp-76b.
Parameter Units Values
Stellar Parameters:
M∗ . . . . . . Mass (M) . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 1.467+0.079−0.081
R∗ . . . . . . . Radius (R) . . . . . . . . . . . . . . . . . . . . . . . . . . . 1.744+0.045−0.042
L∗ . . . . . . . Luminosity (L) . . . . . . . . . . . . . . . . . . . . . . . 4.51+0.40−0.37
ρ∗ . . . . . . . Density (cgs) . . . . . . . . . . . . . . . . . . . . . . . . . . . 0.391+0.018−0.024
log g . . . . . Surface gravity (cgs) . . . . . . . . . . . . . . . . . . . . 4.122+0.016−0.020
Teff . . . . . . Effective Temperature (K) . . . . . . . . . . . . . . 6366
+92
−90
[Fe/H] . . . Metallicity (dex) . . . . . . . . . . . . . . . . . . . . . . . . 0.204+0.093−0.096
[Fe/H]0 . . Initial Metallicity . . . . . . . . . . . . . . . . . . . . . . 0.315
+0.086
−0.091
Age . . . . . Age (Gyr) . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 1.86+0.75−0.56
EEP . . . . Equal Evolutionary Phase . . . . . . . . . . . . . . 351.9+23−7.5
Planetary Parameters: b
P . . . . . . . . Period (days) . . . . . . . . . . . . . . . . . . . . . . . . . . . 1.80988158± 0.00000030
RP . . . . . . Radius (RJ) . . . . . . . . . . . . . . . . . . . . . . . . . . . . 1.845
+0.050
−0.046
MP . . . . . . Mass (MJ) . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 0.910± 0.042
TC . . . . . . . Time of conjunction (BJDTDB) . . . . . . . . . 2456107.85494± 0.00023
T0 . . . . . . . Optimal conjunction Time (BJDTDB) . . . 2457360.29300± 0.00014
a . . . . . . . . Semi-major axis (AU) . . . . . . . . . . . . . . . . . . 0.03304+0.00058−0.00062
i . . . . . . . . . Inclination (Degrees) . . . . . . . . . . . . . . . . . . . 88.5+1.0−1.2
e . . . . . . . . Eccentricity . . . . . . . . . . . . . . . . . . . . . . . . . . . . 0.016+0.018−0.011
ω∗ . . . . . . . Argument of Periastron (Degrees). . . . . . . 62+67−82
Teq . . . . . . Equilibrium temperature (K) . . . . . . . . . . . 2231
+37
−36
τcirc . . . . . Tidal circularization timescale (Gyr) . . . . 0.00260
+0.00025
−0.00028
K . . . . . . . RV semi-amplitude (m/s) . . . . . . . . . . . . . . . 117.5± 3.2
logK . . . . Log of RV semi-amplitude . . . . . . . . . . . . . 2.070± 0.012
RP /R∗ . . Radius of planet in stellar radii . . . . . . . . 0.10873+0.00048−0.00047
a/R∗ . . . . Semi-major axis in stellar radii . . . . . . . . . 4.078+0.060−0.083
δ . . . . . . . . Transit depth (fraction). . . . . . . . . . . . . . . . . 0.01182± 0.00010
Depth . . . Flux decrement at mid transit . . . . . . . . . 0.01182± 0.00010
τ . . . . . . . . Ingress/egress transit duration (days) . . . 0.01576+0.00043−0.00018
T14 . . . . . . Total transit duration (days). . . . . . . . . . . . 0.15636
+0.00054
−0.00048
TFWHM . FWHM transit duration (days) . . . . . . . . . 0.14051
+0.00039
−0.00038
b . . . . . . . . Transit Impact parameter . . . . . . . . . . . . . . 0.103+0.084−0.071
Table 5 continued
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Table 5 (continued)
Parameter Units Values
bS . . . . . . . Eclipse impact parameter . . . . . . . . . . . . . . 0.105
+0.085
−0.072
τS . . . . . . . Ingress/egress eclipse duration (days) . . . 0.01611
+0.00075
−0.00051
TS,14 . . . . Total eclipse duration (days) . . . . . . . . . . . . 0.1584
+0.0065
−0.0033
TS,FWHM FWHM eclipse duration (days) . . . . . . . . . 0.1423
+0.0059
−0.0029
δS,3.6µm . . Blackbody eclipse depth at 3.6µm (ppm) 2037
+56
−47
δS,4.5µm . . Blackbody eclipse depth at 4.5µm (ppm) 2407
+57
−48
ρP . . . . . . . Density (cgs) . . . . . . . . . . . . . . . . . . . . . . . . . . . 0.180
+0.012
−0.013
loggP . . . . Surface gravity . . . . . . . . . . . . . . . . . . . . . . . . . 2.822
+0.020
−0.023
Θ. . . . . . . . Safronov Number . . . . . . . . . . . . . . . . . . . . . . 0.02219+0.00088−0.00087
〈F 〉 . . . . . . Incident Flux (109 erg s−1 cm−2) . . . . . . . 5.62+0.38−0.35
TP . . . . . . . Time of Periastron (BJDTDB). . . . . . . . . . . 2456107.73
+0.34
−0.40
TS . . . . . . . Time of eclipse (BJDTDB) . . . . . . . . . . . . . . 2456108.7641
+0.015
−0.0099
TA . . . . . . . Time of Ascending Node (BJDTDB) . . . . . 2456109.2186
+0.015
−0.0084
TD . . . . . . Time of Descending Node (BJDTDB). . . . 2456108.3060
+0.0077
−0.012
e cosω∗ . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 0.0036+0.013−0.0086
e sinω∗ . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 0.006+0.021−0.010
MP sin i . Minimum mass (MJ) . . . . . . . . . . . . . . . . . . . 0.910± 0.042
MP /M∗ . Mass ratio . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 0.000593+0.000020−0.000019
d/R∗ . . . . Separation at mid transit . . . . . . . . . . . . . . 4.050+0.098−0.16
PT . . . . . . A priori non-grazing transit prob . . . . . . . 0.2201
+0.0090
−0.0052
PT,G . . . . . A priori transit prob . . . . . . . . . . . . . . . . . . . 0.2738
+0.011
−0.0065
PS . . . . . . . A priori non-grazing eclipse prob . . . . . . . 0.2165
+0.0024
−0.0012
PS,G . . . . . A priori eclipse prob . . . . . . . . . . . . . . . . . . . 0.2692
+0.0032
−0.0015
Table 6. WASP-76b transit spectrum
Wavelength midpoint (µm) Bin width (µm) Rp/Rs Rp/Rs uncertainty
0.33000 0.04000 0.11329 0.00074
0.38250 0.01250 0.11231 0.00058
0.40315 0.00815 0.11110 0.00063
0.41815 0.00685 0.11137 0.00061
0.43250 0.00750 0.11021 0.00070
0.44500 0.00500 0.11090 0.00062
0.45500 0.00500 0.11104 0.00064
0.46500 0.00500 0.11055 0.00060
0.47500 0.00500 0.11114 0.00071
0.48500 0.00500 0.11203 0.00069
0.49500 0.00500 0.11126 0.00066
0.50500 0.00500 0.11215 0.00074
0.51500 0.00500 0.11202 0.00070
Table 6 continued
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Table 6 (continued)
Wavelength midpoint (µm) Bin width (µm) Rp/Rs Rp/Rs uncertainty
0.52500 0.00500 0.11268 0.00067
0.53500 0.00500 0.11235 0.00070
0.54500 0.00500 0.11161 0.00068
0.55500 0.00500 0.11187 0.00066
0.56500 0.00500 0.11186 0.00069
0.55500 0.00500 0.11107 0.00089
0.56500 0.00500 0.11341 0.00099
0.57500 0.00500 0.11250 0.00088
0.58390 0.00390 0.11241 0.00108
0.58955 0.00175 0.11278 0.00139
0.59915 0.00785 0.11236 0.00082
0.61350 0.00650 0.11223 0.00091
0.62500 0.00500 0.11266 0.00080
0.63750 0.00750 0.11275 0.00077
0.65250 0.00750 0.11221 0.00076
0.67000 0.01000 0.11187 0.00071
0.69000 0.01000 0.11176 0.00074
0.71000 0.01000 0.11286 0.00072
0.73250 0.01250 0.11155 0.00070
0.75475 0.00975 0.11194 0.00075
0.76825 0.00375 0.11391 0.00197
0.79100 0.01900 0.11158 0.00072
0.82925 0.01925 0.11087 0.00079
0.87350 0.02500 0.11249 0.00082
0.96425 0.06575 0.11183 0.00094
1.14250 0.00930 0.10900 0.00054
1.16110 0.00930 0.10876 0.00056
1.17970 0.00930 0.10788 0.00053
1.19830 0.00930 0.10904 0.00053
1.21690 0.00930 0.10892 0.00053
1.23550 0.00930 0.10939 0.00053
1.25410 0.00930 0.11016 0.00053
1.27270 0.00930 0.11010 0.00053
1.29130 0.00930 0.10821 0.00051
1.30990 0.00930 0.10904 0.00052
1.32850 0.00930 0.10963 0.00052
1.34710 0.00930 0.11069 0.00051
1.36570 0.00930 0.11159 0.00050
1.38430 0.00930 0.11131 0.00050
1.40290 0.00930 0.11013 0.00049
1.42150 0.00930 0.11066 0.00049
Table 6 continued
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Table 6 (continued)
Wavelength midpoint (µm) Bin width (µm) Rp/Rs Rp/Rs uncertainty
1.44010 0.00930 0.11112 0.00048
1.45870 0.00930 0.11153 0.00049
1.47730 0.00930 0.11156 0.00047
1.49590 0.00930 0.11099 0.00047
1.51450 0.00930 0.11112 0.00046
1.53310 0.00930 0.11116 0.00044
1.55170 0.00930 0.11126 0.00045
1.57030 0.00930 0.11121 0.00043
1.58890 0.00930 0.11086 0.00043
1.60750 0.00930 0.11105 0.00044
3.55000 0.37500 0.11026 0.00048
3.55000 0.37500 0.10862 0.00041
4.49300 0.50750 0.11351 0.00056
Table 7. WASP-76b emission spectrum
Wavelength midpoint (µm) Bin width (µm) Occultation Depth (ppm) Uncertainty (ppm)
1.1518 0.0093 490 49
1.1704 0.0093 573 49
1.1890 0.0093 570 48
1.2076 0.0093 540 48
1.2262 0.0093 553 47
1.2448 0.0093 550 47
1.2634 0.0093 458 53
1.2820 0.0093 477 50
1.3006 0.0093 567 47
1.3192 0.0093 659 45
1.3378 0.0093 640 47
1.3564 0.0093 665 47
1.3750 0.0093 740 46
1.3936 0.0093 716 48
1.4122 0.0093 746 47
1.4308 0.0093 699 49
1.4494 0.0093 789 47
1.4680 0.0093 820 57
1.4866 0.0093 868 48
1.5052 0.0093 947 51
1.5238 0.0093 874 50
1.5424 0.0093 912 59
1.5610 0.0093 830 52
Table 7 continued
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Table 7 (continued)
Wavelength midpoint (µm) Bin width (µm) Occultation Depth (ppm) Uncertainty (ppm)
1.5796 0.0093 906 52
1.5982 0.0093 911 57
1.6168 0.0093 943 56
3.5500 0.3750 2827 69
3.5500 0.3750 3082 102
3.5500 0.3750 3299 94
4.4930 0.5075 3665 89
25
Figure 17. Transit lightcurves used in EXOFASTv2 fit.
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Figure 18. The posterior distribution of ATMO retrieval of the transmission spectrum. Six chemical elements (C, O, Na,
Ti, V, Fe) are allowed to vary freely with everything else scale with solar metallicity. Fe and V abundance are consistent with
solar value with Ti being subsolar which could be due to TiO condensing on day-to-night terminator. The C/O ratio is well
constrained from detection of H2O and CO2. It is also highly consistent with solar C/O value in the PHOENIX forward model.
27
Figure 19. The posterior distribution of PLATON retrieval of the transmission spectrum. PLATON requires a scattering slope
of ∼9 (Rayleigh scattering = 4) to fit the NUV feature. This shows the steep slope in NUV is unlikely due to scattering of
clouds.
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Figure 20. The posterior distribution of ATMO retrieval of the emission spectrum. The carbon and oxygen abundances are
poorly constrained due to a muted water feature in the WFC3/G141 band. Retrieved solar metallicity is consistent with results
from the transmission spectrum and the PHOENIX models.
